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HIGHLIGHTS 


•  Using  Li20  as  sintering  aid,  gadolinia-doped  ceria  (GDC)  be  densified  at  900  °C. 

•  Surface  and  bulk  morphology  of  the  sintered  GDC  samples  was  evaluated. 

•  Li-containing  residues  in  the  sintered  GDC  samples  were  examined. 

•  Bulk  conductivity  of  0.059  S  cm *  1 *  at  600  °C  was  achieved  for  GDC  sintered  at  1000  °C. 
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Li20  has  been  evaluated  as  a  sintering  aid  for  Gdo.iCeo.gCh-d  (GDC).  Using  2.5  mol%  ratio  of  Li20  to  GDC 
(5LiGDC),  dense  samples  with  relative  density  of  99.3%  were  achieved  at  sintering  temperature  as  low  as 
900  °C.  A  high  total  conductivity  of  0.059  S  cm-1  at  600  °C  was  obtained  for  the  5LiGDC  samples  sintered 
at  1000  °C  (5LiGDC1000),  while  5LiGDC  samples  sintered  at  1400  °C  showed  a  lower  conductivity  of 
0.017  S  cm-1  at  600  °C.  It  has  been  found  that  Li20  has  the  tendency  to  accumulate  in  the  grain  boundary 
region  to  form  Li-Gd-Ce-0  phases  when  the  5LiGDC  sintering  temperature  is  at  1000  °C  or  below, 
leading  to  an  increase  in  the  grain  boundary  conductivity.  Increasing  the  5LiGDC  sintering  temperature 
above  1000  °C  will  accelerate  the  vaporization  of  Li20,  association  of  the  oxygen  vacancy  and  formation 
of  additional  pores  in  the  bulk,  resulting  in  a  decrease  of  both  the  grain  boundary  and  grain  interior 
conductivity.  Secondary  ion  mass  spectrometry  (SIMS)  results  have  confirmed  the  existence  of  Li  ions  for 
the  5LiGDC  samples  sintered  at  or  below  1000  °C,  while  most  of  Li  species  has  vaporized  for  the  5LiGDC 
samples  sintered  above  1000  °C. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC)  is  an  energy  conversion  device  that 
can  convert  the  chemical  energy  of  the  fuel  directly  to  electricity 
with  high  efficiency,  low  emissions  and  fuel  flexibility,  and  has 
recently  attracted  significant  attentions  worldwide  due  to  the 
limited  fossil  fuel  resources  and  the  increasing  environmental 
concerns  [1  ].  Electrolytes  for  SOFCs  are  mainly  based  on  the  yttrium 
doped  zirconia  (YSZ)  and  gadolinium  doped  ceria  (GDC),  of  which 
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GDC  possesses  much  higher  conductivity  at  lower  operating  tem¬ 
peratures  [2-4].  Consequently,  GDC  has  been  expected  to  be  an 
ideal  electrolyte  operating  at  low  operating  temperatures  of  400- 
600  °C  [5-8].  However,  high  sintering  temperatures  such  as 
1550  °C  are  typically  needed  to  density  GDC  electrolyte  [9], 
increasing  cost  and  difficulty  in  the  cell  fabrication  process. 
Consequently,  lowering  the  sintering  temperature  to  achieve  rela¬ 
tively  high  density  of  sintered  GDC  samples  has  become  an  active 
research  area.  Two  main  approaches  have  been  extensively 
explored  to  enhance  the  sinterability  of  GDC.  The  first  one  is  to  use 
different  powder  preparation  methods  such  as  co-precipitation  and 
hydrothermal  method  to  synthesize  active  nano-sized  GDC  pow¬ 
ders  with  high  sintering  ability  [10-12].  However,  the  complex 
powder  synthesis  process  and  low  yield  make  it  difficult  for  cost 
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effective  and  scalable  practical  applications.  Another  strategy  is  to 
apply  sintering  aid  to  reduce  the  sintering  temperature.  Jud  et  al. 
[13]  successfully  lowered  the  sintering  temperature  by  200  °C  using 
1  mol  %  ratio  of  cobalt  oxide  as  the  sintering  aid  to  GDC,  while 
Perez-Coll  and  co-workers  [14]  found  that  the  addition  of  C03O4 
lowered  the  grain  and  grain  boundary  activation  energy,  and  at  the 
same  time  increased  the  grain  and  grain  boundary  conductivity  in 
lower  temperature  zone. 

In  our  previous  study  [15],  2.5  mol  %  Li20  was  applied  as  the 
sintering  aid  for  GDC  (5UGDC)  and  dense  GDC  samples  has  been 
obtained  at  a  low  sintering  temperature  of  800  °C.  For  application 
of  GDC  as  the  electrolyte  in  SOFCs,  the  conductivity  value  of  GDC  is 
one  of  the  most  important  metrics  that  should  be  evaluated.  The 
total  conductivity  could  be  further  separated  into  the  grain  interior 
conductivity  and  grain  boundary  conductivity,  and  both  of  them 
could  be  influenced  when  using  Li20  as  the  sintering  aid.  On  the 
other  hand,  easy  vaporization  of  Li20  at  high  temperatures  makes  it 
even  more  complicated  for  the  sintering  processes  [16].  The 
objective  of  this  study  is  to  examine  the  conductivity  of  5LiGDC 
samples  sintered  at  different  temperatures,  to  characterize  the 
composition  and  microstructure  of  the  sintered  samples,  to  study 
the  shrinkage  behavior  of  the  samples  during  sintering,  and  to 
elucidate  possible  sintering  mechanisms. 


with  energy-dispersive  X-ray  spectroscopy  (STEM-EDX)  method 
using  a  Cs-corrected  Flitachi  FID-2700C  equipped  with  a  Cold-FEG, 
operated  at  200  kV.  Secondary  ion  mass  spectrometry  (SIMS,  Hiden 
Analytical  Ltd.)  is  also  utilized  as  a  complementary  surface 
analytical  method  to  XRD  and  SEM.  For  SIMS  tests,  Ar+  primary  ions 
accelerated  in  the  range  of  5  keV  are  bombarded  to  the  surfaces  of 
the  samples.  A  small  fraction  of  the  samples  is  evaporated  from  the 
outer  surface  layer,  producing  various  different  kinds  of  ionized 
molecular  fragments.  The  ionized  molecular  fragments  are  counted 
using  a  quadrupole  mass  spectrometer.  The  mass  of  the  fragments 
provides  information  on  the  chemical  species  formed  on  the  sam¬ 
ples  uppermost  surface  layers. 

Ag  electrodes  (with  diameter  of  ~  0.8  cm)  were  coated  on  both 
sides  of  the  dense  pellets  and  fired  at  700  °C  for  0.5  h.  Electro¬ 
chemical  impedance  spectroscopy  measurements  were  performed 
using  a  Zahner  IM6  Electrochemical  Workstation  under  dry  air  in  a 
temperature  range  between  150  and  700  °C  over  the  frequency 
range  of  0.1  EIz  to  4  MHz. 

3.  Results  and  discussion 

3.1.  Structural  analysis 


2.  Experimental 

Gdo.iCeo.902_,5  (GDC)  raw  powder  was  synthesized  from  a  sol- 
gel  method  [17].  Specifically,  Ce(N03)3-6H20  and  Gd203  were 
mixed  in  stoichiometric  ratio  and  ball  milled  for  48  h.  5  wt%  of 
(NH4)2S04  was  then  added  as  initiator  and  2  wt%  of  N,N,N',N'-tet- 
ramethylethylenediamine  as  the  catalyst.  The  mixture  was  stirred 
until  a  sol-gel  was  formed.  The  sol-gel  was  then  dried  and 
calcined  at  800  °C  for  2  h  to  obtain  the  GDC  powder.  5  mol%  ratio  of 
LiN03  was  added  into  GDC  (5LiGDC)  (equals  to  2.5  mol%  Li20  doped 
GDC  since  LiN03  will  decompose  to  Li20  at  600  °C)  with  ethanol  as 
dispersant  and  ball  milled  for  24  h.  The  slurry  containing  LiN03  and 
GDC  was  dried  at  65  °C  and  the  mixture  obtained  was  further 
calcined  at  600  °C  for  2  h.  The  5LiGDC  powder  was  then  die-pressed 
(220  MPa)  to  pellets  with  diameter  of  20  mm  and  thickness  of 
0.8  mm.  The  5LiGDC  pellets  were  firstly  heated  up  at  a  heating  rate 
of  3  °C  min-1  to  600  °C  for  2  h,  then  further  sintered  at  900, 1000, 
1100, 1250  and  1400  °C  for  6  h  with  a  heating  rate  of  1  °C  min-1,  and 
finally  cooled  down  to  room  temperature.  The  sintered  pellets  were 
noted  as  5UGDC900,  5LiGDC1000,  5LiGDC1100,  5UGDC1250  and 
5LiGDC1400,  respectively.  Relative  densities  were  all  above  95%  for 
the  sintered  pellets  tested  by  the  Archimedes  drainage  method.  For 
comparison,  GDC  pellets  without  adding  Li20  were  also  sintered  at 
1400  °C  (denoted  as  GDC1400).  The  surface  of  all  the  pellets  was 
polished  using  600  grid  sand  paper  prior  to  the  conductivity  tests. 

The  phases  of  the  sintered  samples  were  characterized  using  X- 
ray  diffractometer  (XRD,  PANalytical,  X’PertPRO,  the  Netherlands) 
with  CuKa  radiation,  a  scanning  step  of  0.02°,  a  scanning  speed  of 
3°  min-1,  and  20  range  of  10-90°.  Netzsch  Dil402C  dilatometer  was 
used  to  study  the  sintering  behavior  of  the  5LiGDC  and  GDC  sam¬ 
ples  in  air,  with  a  heating  rate  of  10  °C  min-1  up  to  1400  °C.  In  order 
to  exclude  the  surface  adsorption  impurity  elements  influence,  the 
sintered  samples  were  polished  and  thermally  etched  for  surface 
microstructure  study  using  scanning  electron  microscope  (SEM, 
JEOL  JSM  6700F  and  Zeiss  Ultraplus).  The  cross  section  images  were 
taken  from  samples  without  thermal  etching  as  to  keep  the  origin 
status,  transmission  electron  microscopy  (TEM)  samples  were 
prepared  by  classic  dimpling  method  using  the  Gatan  dimpler  626, 
and  the  final  sample  thickness  was  down  to  <10  nm  by  ion  milling 
(Fischione  Model  1010)  .The  local  elemental  distributions  are 
characterized  by  the  scanning  transmission  electron  microscope 


Fig.  1  shows  the  XRD  of  5LiGDC  pellets  sintered  at  different 
temperatures  (900, 1000, 1100, 1250  and  1400  °C,  respectively)  and 
GDC  pellets  sintered  at  1400  °C,  respectively.  The  same  sample 


(a) 

; 

I  1  GDC1400 

1  I  I  A  L  .  k  L  i. 

J  |  j  5UGDC1400 

I 

I  ,  5UGDC1250 

,  1  t  5UGDC1 100 

1  ,  5UGDC1000 

1  1  5UGDC900 

t - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - ' - r 


20  30  40  50  60  70  80  90 

2  0  (°) 


Fig.  1.  The  XRD  of  GDC1400  and  5LiGDC  samples  sintered  at  different  temperatures. 
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height  and  flatness  were  carefully  preserved  while  performing  the 
XRD  tests  to  reduce  the  experimental  error.  There  were  no 
observable  secondary  phases  for  all  the  5LiGDC  samples  sintered  at 
different  temperatures.  It  is  noted  that  there  was  no  consistent 
shifting  direction  for  the  highest  intensity  diffraction  peak  (111 )  for 
5LiGDC  at  different  sintering  temperatures,  as  shown  in  Fig.  lb.  It 
firstly  shifted  to  higher  angle  from  5UGDC900  to  5UGDC1000, 
followed  by  shifting  back  to  lower  angle  for  5UGDC1100,  then 
shifted  to  higher  angle  for  5UGDC1250  and  finally  shifted  to  lower 
angle  for  5UGDC1400.  This  is  probably  due  to  the  fact  that  diffusion 
of  Li  into  the  GDC  lattice  and  Li20  vaporization  from  the  GDC  lattice 
may  take  place  simultaneously  with  the  increase  in  sintering 
temperature.  In  addition,  formation  of  small  amount  of  new  pha¬ 
ses/domains  during  the  sintering  process  may  also  contribute  to  the 
lattice  change. 

Specifically  for  the  lattice  shrinkage  effect,  Li+  (coordinate 
number  of  8,  0.92  A)  may  substitute  Ce4+  (coordinate  number  of  8, 
0.97A)  or  Gd3+  (coordinate  number  of  8, 1.053  A)  as  shown  in  the 


following  reactions: 

Li20  Ce°2  2Li"'e  +  3Vp  +  00 

(1) 

Li20 - ^ - >2Li£d  +  2V;  +  06 

(2) 

The  doping  of  Li  in  both  Gd  and  Ce  sites  is  possible  because  it  has 
been  reported  that  the  phase  at  the  grain  boundary  core  is  likely  to 
be  Gd0.4i±o.o4Ceo.59±o.o40i.24±o.i7  due  to  the  accumulation  of  Gd  in 
sintered  GDC  samples  without  any  sintering  aid  [18].  The  backward 
direction  of  these  two  reactions  was  promoted  by  Li20  vaporization 
from  the  surface  of  the  5LiGDC  pellets  while  increasing  the  sin¬ 
tering  temperature,  which  would  lead  to  an  expansion  of  the  lat¬ 
tice.  A  series  of  Li-Gd-Ce-0  phases  [19,20]  with  different 
compositions  and  lattice  parameters  may  have  been  formed  during 
the  sintering  process.  Nearly  complete  vaporization  of  Li20  could 
also  be  expected  to  take  place  at  certain  high  temperature.  For 
example,  the  (111 )  peak  of  5LiGDC1400  was  found  to  be  most  close 
to  that  of  GDC1400,  indicating  the  most  similar  lattice  parameter 
for  both  samples.  Furthermore,  the  Li+  ion  doping  into  the  GDC 
lattice  may  activate  the  Gd  migration  during  the  sintering  process. 
Besides,  it  has  been  reported  the  existence  of  different  Gd  con¬ 
centration  doped  Ce02  as  GdxCei_x02_«5  with  a  large  doping  range 
of  x  from  0.1  to  0.8  [21],  thus  the  lattice  change  may  also  happen 
due  to  the  formation  of  such  intermediate  phases  with  different 
lattice  constants.  All  these  processes  were  finally  reflected  on  the 
XRD  peak  shifting  phenomenon  observed  in  Fig.  lb.  Due  to  the 
detection  limits  of  XRD  (  —  2-5%  for  mixed  materials),  the  small 
amounts  of  the  Li  related  domains  and  the  overlapping  of  the 
background  with  the  Li  related  phases,  XRD  is  not  a  precise/ 
powerful  tool  to  examine  the  Li  induced  minor  phase  changes. 
More  powerful  techniques  such  as  neutron  powder  diffraction 
(NPD),  synchrotron  X-ray  combined  with  high-resolution  trans¬ 
mission  electron  microscopy  (HRTEM),  scanning  transmission 
electron  microscopy  (STEM)/electron  energy  loss  spectroscopy 
(EELS)  will  be  applied  to  study  these  structural  changes  in  the 
future. 

3.2.  Sintering  behavior 

The  sintering  process  of  both  GDC  and  5LiGDC  was  studied  be¬ 
tween  room  temperature  and  1400  °C  using  dilatometry.  As  shown 
in  Fig.  2,  the  starting  shrinkage  temperature  (Ts)  was  lowered  from 
800  °C  for  GDC  to  only  650  °C  for  5LiGDC.  This  is  mainly  due  to  the 
assistance  from  Li20  sintering  aids.  Since  LiN03  decomposes  to  Li20 
above  600  °C,  the  formation  of  Li20  will  start  to  form  liquid 


Temperature/  °C 

Fig.  2.  Shrinkage  rate  (top  curve)  and  linear  shrinkage  (bottom  curve)  as  a  function  of 
the  sintering  temperature  obtained  from  dilatometric  experiments  with  increasing 
temperature  rate  of  10  °C  min-1  for  5LiGDC  and  GDC. 


sintering  phases  with  Gd203  and  Ce02  (Li— Gd— Ce-O)  at  the  same 
time.  Table  1  showed  that  the  temperature  for  the  maximum 
shrinkage  rate  (Td)  was  also  lowered  to  only  800  °C  for  5LiGDC 
compared  to  1175  °C  for  GDC.  The  time  needed  fromTs  to  the  end  of 
the  shrinkage  temperature  (Te)  was  also  reduced  from  60  min  for 
GDC  to  only  30  min  for  5LiGDC  when  a  heating  rate  of  10  °C  min-1 
was  used  during  the  dilatometry  tests.  Therefore,  Li20  seems  to  be  a 
highly  efficient  sintering  aid  for  GDC.  At  a  sintering  temperature  of 
950  °C,  5LiGDC  already  reached  a  linear  shrinkage  of  19.6%  while 
GDC  only  reached  1.2%.  The  significant  sintering  promoting  effect 
using  Li20  was  closely  related  to  the  fact  that  the  Li-Gd-Ce-0 
liquid  phase  could  form  at  a  much  lower  temperature.  The  derived 
free  energies  of  formation  of  the  mixed  oxide  compounds  (LiNd02, 
LiCe02,  Li3Nd03,  Li3Ce03)  at  923  I<  (650  °C)  are  in  the  range 
of  -1424  kj  mol-1  to  -933  kj  mol-1  [19],  which  confirmed  the 
existing  of  a  fast,  self-motivated  reaction  for  the  Li-Nd-Ce-0 
system  at  low  temperature.  As  both  Nd  and  Gd  were  ascribed  to  the 
lanthanide  series,  similar  results  could  be  expected  for  the  Li— Gd— 
Ce— O  system  in  this  work.  Furthermore,  Li20  is  much  more  evap- 
orable  compared  to  other  sintering  aids,  such  as  CoO,  ZnO,  CuO  etc 
[22-24  .  Shown  in  Table  2  are  the  vapor  pressures  (P(MOx))  for 
solid  phase  metal  oxides  (MOx,  M  =  Li,  Fe,  Co,  Ni,  Cu,  Zn)  to  fully 
evaporate  to  gas  phase  MOx(g)  under  ideal  situation  based  on 
Equation  (3). 

MOx(s)  =  MOx(g)  (3) 

P(MOx)  can  then  be  obtained  by  calculating  the  heterogeneous 
equilibrium  constants  (/<)  of  Equation  (3)  using  the  function  of  re¬ 
action  equations  (HSC  Chemistry  6.0  Software).  Because  the  activity 
of  pure  solid  sintering  aid  (a(MOx))  is  1,  the  vapor  pressure  in  bar  is 
equal  to  k  according  to  equation  below: 

k  =  P(MOx)/a(MOx)  =  P(MOx)  (4) 


Table  1 

The  temperature  of  starting  shrinkage  (Ts),  reaching  maximum  shrinkage  rate  (Td) 
and  the  end  of  the  shrinkage  (Te)  for  GDC  and  5LiGDC  samples  observed  from  sin¬ 
tering  curve  shown  in  Fig.  2. 


Ts  (°C) 

Td  (°C) 

Te  (°C) 

GDC 

800 

1175 

1400 

5LiGDC 

650 

800 

950 
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Table  2 

Calculated  metal  oxides— gas  reaction  vapor  pressure  (bar)  of  various  sintering  aids 
using  the  HSC  Chemistry  Software  (version  6.0). 


7TC) 

Sintering  aids 

Li20 

Fe203 

CoO 

NiO 

CuO 

ZnO 

100 

8.42E-51 

1.95E-65 

7.96E-93 

3.04E-64 

6.36E-56 

1.75E-58 

200 

4.31  E-38 

7.87E-50 

1.21E-65 

9.58E-49 

3.58E-42 

4.20E-44 

300 

7.68E-30 

1.08E-39 

5.16E-50 

1.06E-38 

3.04E-33 

9.27E-35 

400 

4.61  E-24 

1.37E-32 

7.07E-40 

1.15E-31 

5.51E-27 

3.31E-28 

500 

8.50E-20 

2.45E-27 

8.88E-33 

1.80E-26 

2.32E-22 

2.31E-23 

600 

1.59E-16 

2.67E-23 

1.56E-27 

1.77E-22 

8.30E-19 

1.23E-19 

700 

6.14E-14 

4.18E-20 

1.66E-23 

2.57E-19 

5.39E-16 

1.10E-16 

800 

7.57E-12 

1.63E-17 

2.57E-20 

9.45E-17 

1.03E-13 

2.73E-14 

900 

3.98E-10 

2.24E-15 

9.87E-18 

1.25E-14 

7.88E-12 

2.60E-12 

1000 

1.09E-08 

1.40E-13 

1.35E-15 

7.57E-13 

3.01E-10 

1.20E-10 

1100 

1.79E-07 

4.73E-12 

8.37E-14 

2.50E-11 

6.66E-09 

3.13E-09 

1200 

1.96E-06 

9.77E-11 

2.81E-12 

5.09E-10 

9.58E-08 

5.20E-08 

1300 

1.54E-05 

1.35E-09 

5.76E-11 

7.01  E-09 

8.08E-07 

5.99E-07 

1400 

9.17E-05 

1.32E-08 

7.95E-10 

7.03E-08 

4.90E-06 

5.11E-06 

1500 

0.000408 

9.17E-08 

7.92E-09 

5.41  E-07 

0.000024 

0.000034 

1600 

0.00142 

5.11E-07 

6.03E-08 

3.33E-06 

9.79E-05 

0.000183 

Li20  showed  the  highest  vapor  pressure  among  all  the  studied 
metal  oxides.  For  example,  at  1000  °C,  the  vapor  pressure  reaches 
1.09E-8  bar  for  Li20  while  it  is  only  1.35E-15  bar  for  CoO.  The  high 
vapor  pressure  of  Li20  ensures  that  Li20  can  be  developed  as  a  non¬ 
residual  sintering  aid.  Selecting  an  optimized  amount  of  Li20  and 
sintering  temperature  is  then  critical  to  achieve  this  situation. 

3.3.  Microstructure  and  composition 

Shown  in  Fig.  3  are  the  surface  microstructures  of  the  5LiGDC 
samples  sintered  at  different  temperatures  (900,  1000,  1100  and 
1400  °C,  respectively). 

Relatively  high  densities  (Table  3)  were  achieved  in  all  the 
5UGDC  sintered  samples.  The  particle  sizes  on  the  sample  surface 
were  0.5-0.8  pm,  0.5-1  pm,  0.4-1.1  pm,  0.5-1.4  pm  and  1.2— 
2.5  pm  for  the  5LiGDC  samples  sintered  at  900,  1000,  1100  and 


Table  3 

Relative  density  for  5LiGDC  and  GDC  samples  sintered  at  different  temperatures. 


850  °C 

900  °C 

1000 °C 

1100 °C 

1250 °C 

1400  °C 

5LiGDC 

89.8 

99.3 

98.8 

97.4 

97.9 

97.1 

GDC 

61.2 

63.8 

69.6 

73.9 

77.6 

95.4 

1400  °C  and  GDC  samples  sintered  at  1400  °C,  respectively.  The 
average  grain  sizes  increased  while  increasing  the  sintering  tem¬ 
perature.  Seen  from  Fig.  3,  the  surface  of  the  5UGDC900  and 
5UGDC1000  samples  showed  clearly  precipitation  of  fine  particles 
with  diameter  ~  80  nm  at  the  grain  boundary  regions.  These  may 
be  the  residues  with  possible  Li-Gd— Ce-0  phases  after  the  sin¬ 
tering  process.  Most  of  them  are  located  in  the  grain  boundary 
zone,  indicating  that  the  reaction  of  Li20  with  Gd203  and  Ce02  took 
place  preferentially  in  those  regions  and  migrated  further  due  to 
the  vaporization  of  Li20  on  the  surface  of  the  sintered  5LiGDC 
pellets.  Further  increasing  the  amount  of  the  Li20  sintering  aid  to 
10%  mole  ratio  of  Li+  to  GDC  and  lowering  the  sintering  tempera¬ 
ture  to  850  °C  (10UGDC850)  will  greatly  increase  the  amounts  of 
these  precipitation  particles,  and  the  morphology  of  the  residues  on 
the  surface  of  the  10UGDC850  sample  changed  obviously  from 
single  particles  to  larger  size  aggregation  clusters  as  shown  in  Fig.  4. 
The  aggregation  phenomenon  of  the  phase  reaction  products  at 
lower  temperature  indicated  the  high  reactivity  and  sinter  pro¬ 
moting  ability  of  Li20  towards  GDC. 

Although  peaks  shifting  phenomenon  in  XRD  (Fig.  1)  and  the 
formation  of  precipitation  particles  for  the  5LiGDC  samples  sintered 
at  different  temperatures  (Figs.  3  and  4)  were  observed,  there  is  no 
direct  evidence  to  confirm  the  existence  of  Li+  ions  in  the  5UGDC 
sintered  samples  just  from  the  XRD  results  alone.  Secondary  ion 
mass  spectrometry  (SIMS)  is  a  surface  sensitive  analytical  tech¬ 
nique  with  exceptional  sensitivity  and  excellent  detection  limits 
ranging  from  parts  per  million  to  parts  per  billion.  As  EDX  could  not 
determine  the  existence  of  the  Li20  in  this  study,  SIMS  is  employed 
to  study  the  surface  elemental  properties  for  the  5LiGDC  sintered 
samples.  Fig.  5  shows  the  SIMS  surface  elemental  survey  scan 


Fig.  3.  SEM  images  of  the  surface  of  the  5LiGDC  pellets  sintered  at  900  °C  (a),  1000  °C  (b),  1100  °C  (c)  and  1400  °C  (d),  respectively.  All  samples  are  not  polished,  and  the  scale  bar  in 
these  images  is  500  nm. 
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Fig.  4.  SEM  images  of  the  surface  from  the  10LiGDC850  pellets  in  different  magnification. 


results  for  the  5LiGDC  samples  sintered  at  different  temperatures  as 
shown  in  Figs.  3  and  4.  Li  ion  fragments  (mass  number  (m)/charge 
number  (z)  =  6,  7),  Ce  ion  fragments  (m/z  =  136, 138, 140, 142)  and 
Gd  ion  fragments  (m/z  =  152,  154,  155,  156,  157,  158,  160)  were 
clearly  detected.  These  elemental  fragments  were  further  inte¬ 
grated  respectively  for  each  of  the  samples  as  shown  in  Table  4.  The 
ratio  of  Li+/(Li+  +  Ce+  +  Gd+)  was  found  to  be  gradually  reduced 
while  increasing  the  5LiGDC  sintering  temperature  from  900  °C  to 
1400  °C.  Considering  the  amounts  of  the  precipitation  particles  in 
5LiGDC  also  gradually  reduced  while  increasing  the  sintering 
temperature  as  shown  in  Fig.  3,  the  presence  of  Li  ion  inside  these 
precipitation  particles  was  then  expected. 

The  cross-section  of  5LiGDC900  showed  substantial  amount  of 
precipitation  particles  ( ~  200-500  nm)  which  were  mostly  located 
in  the  grain  boundary  region  as  shown  in  Fig.  6a.  In  order  to  get 
more  information  about  these  small  precipitation  particles,  TEM 
analysis  was  performed  for  the  5LiGDC  sintered  samples  and  EDX 
tests  were  done  in  the  scanning  transmission  electron  microscopy 
(STEM)  mode  with  high  spatial  resolution  (<0.1  nm).  As  EDX  was 


unsuitable  for  the  examination  of  light  elements  such  as  Li,  the 
mapping  results  were  only  collected  for  Gd,  Ce  and  O  as  shown  in 
Fig.  6b— e.  A  depletion  of  O,  Ce  and  Gd  signals  in  the  precipitation 
particles  area  compared  with  those  in  the  bulk  grains  area  was 
clearly  revealed.  As  no  other  elements  except  for  Gd  and  Ce  were 
detected  in  the  precipitation  particles,  the  doping  of  Li20  in  these 
precipitation  particles  could  be  the  most  possible  reason  that  led  to 
the  depletion  phenomenon.  The  O  signal  depletion  might  also  be 
ascribed  to  the  lower  oxygen  ratio  of  Li20  compared  to  Ce02,  Ce203 
and  Gd203,  respectively. 

Increase  the  sintering  temperature  up  to  1000  °C  and  above  has 
accelerated  the  vaporization  of  Li20  as  shown  in  Fig.  6g-i  since  no 
precipitation  particles  could  be  observed  from  the  cross  section  of 
these  samples.  The  cross  section  of  GDC1000  (Fig.  6f)  showed  a 
porous  morphology  and  a  rather  smaller  grain  size  (~100  nm) 
compared  to  that  in  the  5LiGDC1000  sample  (1-2  pm),  clearly 
demonstrating  the  promoting  effect  of  Li20  towards  GDC  sintering. 
No  obvious  precipitation  particles  were  observed  in  the  cross- 
section  of  5LiGDC1000  sample  (Fig.  6g),  which  is  different  from 
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Fig.  5.  Surface  elements  survey  scan  of  the  samples  shown  in  Fig.  3  using  secondary  ion  mass  spectrometer  (SIMS). 
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Table  4 

Integrated  SIMS  signal  intensity  as  shown  in  Fig.  5  for  Gd,  Ce,  Li  second  ion  fragments  and  their  relative  ratios  for  the  10LiGDC850  sample  and  5LiGDC  samples  sintered  at  900— 
1400  C. 


Integrated  area  (a.u.) 

Relative  integrated  area  ratios 

Gd 

Ce 

Li 

Li /( Li  +  Gd  +  Ce) 

Gd/(Li  +  Gd  +  Ce) 

Li/Ce 

Gd/Ce 

10UGDC850 

19,683 

52,134 

681,232 

0.904 

0.0261 

13.067 

0.377 

5UGDC900 

64,914 

151,797 

437,737 

0.669 

0.0991 

2.884 

0.427 

5UGDC1000 

28,611 

77,864 

104,784 

0.493 

0.139 

1.346 

0.379 

5UGDC1100 

105,333 

163,335 

7586 

0.0275 

0.381 

0.0464 

0.645 

5UGDC1400 

57,570 

97,168 

- 

- 

0.357 

- 

0.592 

its  surface  as  shown  in  Fig.  3b.  However,  SIMS  still  detected  the  Li+ 
fragments  in  the  bulk  of  5UGDC1000,  indicating  that  Li+  may  exist 
as  nano-domains  rather  than  large  precipitation  particles  in  the 
grain  boundary  or  grain  interior  for  the  5UGDC1000  sample. 
Further  increasing  the  Li+  ratio  to  10  mol%  for  GDC  sintered  at 
1000  °C  (lOLiGDClOOO)  (inset  in  Fig.  6g)  has  resulted  in  a  reap¬ 
pearance  of  small  precipitation  particles.  Some  small  pores  were 
generated  inside  the  5LiGDC  samples  sintered  at  1100  and  1400  °C, 
consistent  with  the  slightly  lower  relative  density  for  both 
5UGDC1100  and  5UGDC1400  as  compared  with  5UGDC1000 
samples  shown  in  Table  3. 

3.4.  Electrochemical  properties 

3.4 A.  Total  conductivity 

Fig.  7  showed  the  representative  impedance  spectrum  for 
5UGDC1000  sample  at  350  °C  in  air.  The  grain  interior,  grain 


boundary  and  electrode  processes  were  separated  using  the 
equivalent  circuit  model  as  shown  in  the  inset  in  Fig.  7.  Three 
separate  regions  were  observed  in  the  investigated  frequency 
range:  a  high  frequency  part  corresponding  to  the  grain  interior 
processes  (Rgi)  (arc  can  be  observed  only  at  certain  lower  tem¬ 
peratures);  a  medium  frequency  arc  related  to  the  grain  boundary 
processes  (Kgb),  and  a  low  frequency  part  related  to  the  interface 
processes  (ftp)  between  the  sample  and  electrodes.  The  total 
resistance  (fttotai)  of  the  sample  could  then  be  obtained  by  the 
sum  of  Rqi  and  RG B.  As  shown  in  Fig.  8,  5UGDC900  and 
5UGDC1000  samples  showed  improved  total  conductivity 
compared  with  the  GDC1400  samples.  Among  all  the  samples 
tested,  5UGDC1000  samples  showed  the  highest  conductivity.  At 
600  °C,  a  total  conductivity  of  0.059  S  cm-1  was  achieved  for 
5UGDC1000,  which  is  much  higher  than  that  of  the  GDC1400 
(0.019  S  cnrT1)  and  among  the  best  reported  results  for  Gd  doped 
ceria  electrolytes  [6]. 


Fig.  6.  SEM  images  of  the  cross-section  of  5LiGDC900  (a),  STEM-EDX  mapping  of  selected  area  for  5LiGDC900  (b,  c,  d  &  e),  and  cross-section  images  of  GDC1000  (f),  5LiGDC1000  (g) 
(inset  is  lOLiGDClOOO),  5UGDC1100  (h)  and  5LiGDC1400  (i). 
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Z'/Q  cm2 

Fig.  7.  Representative  impedance  spectrum  for  the  5LiGDC1000  sample  at  350  °C. 


3.4.2.  The  grain  boundary  conductivity 

Fig.  9  shows  the  grain  boundary  conductivity  of  GDC1400  as 
well  as  5LiGDC  samples  sintered  at  different  temperatures.  The 
grain  boundary  conductivity  firstly  increased  from  5UGDC900  to 
5UGDC1000.  However,  further  increase  in  the  sintering  tempera¬ 
ture  led  to  a  decrease  in  the  grain  boundary  conductivity  for 
5UGDC1100,  5UGDC1250  and  5UGDC1400.  Furthermore,  the  grain 
boundary  conductivity  obtained  for  5LiGDC  sintered  at  1100  °C  and 
above  was  all  very  similar  to  that  of  the  GDC1400  sample. 

At  lower  sintering  temperature,  U2O  may  exist  as  Li-Gd-Ce-0 
precipitation  phases  at  the  grain  boundary  region  as  shown  in 
Figs.  3, 4  and  6.  The  similar  ionic  size  (with  coordinate  number  of  8) 
for  Li+  (0.92  A),  Ce4+  (0.97A)  and  Gd  (1.053  A)  will  result  in  the 
doping  of  Li+  into  CeC^  or  GCI2O3  with  the  formation  of  negative 
charges  as  Lice  and  Li^.  Both  of  these  negative  charges  will 
compensate  the  positive  charge  (excess  oxygen  vacancy)  in  the 
grain  boundary  core  [25].  This  will  further  change  the  distribution  of 
oxygen  vacancy  profile  as  schematically  shown  in  Fig.  10.  The  oxy¬ 
gen  vacancy  concentration  depletion  effect  was  expected  to  be 
reduced  for  the  5UGDC900  sample  due  to  the  reducing  of  the  pos¬ 
itive  grain  boundary  core  potential.  Consequently,  the  over  potential 
(A <p)  between  the  grain  boundary  core  and  the  grain  interior  could 
be  reduced  and  the  grain  boundary  conductivity  was  then  increased 
for  the  5UGDC900  sample  compared  with  the  GDC1400. 


T/°C 


700600  500  400  300  200  100 


E 

o 

CO 


3 

o 

tf 


5UGDC-900 

5UGDC-1000 

5UGDC-1 100 

5UGDC-1250 

5UGDC-1400 

GDC-1400 


4 


1.0  1.2  1.4  1.6  1.8  2.0  2.2  2.4  2.6 


1000/T  /  (1/K ) 


700600  500  400 


T/°C 

300 


200 


100 


E 

o 

CO 


0- 


-2- 


2j  -4- 


(a) 


-6-t 

1.0 


5LiGDC-900 

5UGDC-1000 

5UGDC-1 100 

5UGDC-1250 

5UGDC-1400 

GDC-1400 


— 1 — 

1.2 


— 1 — 

1.4 


— 1— 

1.6 


— 1 — 

1.8 


2.0 

1000/T/  (1/K) 


2.2  2.4 


— 1 — 

2.6 


Sintering  Temperature  /  °C 


Fig.  8.  The  total  conductivity  of  5LiGDC  samples  sintered  at  different  temperatures  and 
GDC1400  (a)  and  sintering  temperature  dependence  plot  on  total  conductivity  for 
selected  temperatures  for  5LiGDC  sintered  samples  (solid)  and  GDC1400  (open) 
samples  (b). 


Fig.  9.  The  grain  boundary  conductivity  of  5LiGDC  samples  sintered  at  different 
temperatures  and  GDC1400  (a)  and  sintering  temperature  dependence  plot  on  grain 
boundary  conductivity  for  selected  temperatures  for  5LiGDC  sintered  samples  (solid) 
and  GDC1400  (open)  samples  (b). 
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Grain  Boundary  core 


Li20  tuned  Grain  Boundary  core 


Fig.  10.  Proposed  oxygen  vacancy  profiles  near  the  grain  boundary  zone  based  on  the 
space  charge  theory  for  normally  sintered  GDC  (a),  as  well  as  5UGDC900  and 
5LiGDC1000  samples  (b). 


Increase  the  sintering  temperature  to  1000  °C  and  above  will 
further  lead  to  the  Li  containing  liquid  phase  movements  through 
the  grain  boundary  promoted  by  the  L^O  vaporization  through  the 
sample  surface.  The  precipitation  particles  enriched  with  Li+  in 
5LiGDC900  will  compensate  the  decreasing  Li+  concentration  in 
the  grain  boundary  region  until  they  were  depleted  as  shown  in 
Fig.  6g,  then  the  effect  of  Gd3+  ion  accumulation  to  the  grain 
boundary  region  may  take  effect  again  with  the  further  vapor¬ 
ization  of  LhO  from  the  surface.  At  certain  time,  a  relatively  more 
balanced  oxygen  vacancy  profile  from  the  grain  boundary  core  to 
the  grain  interior  (space  charge  layer)  may  be  achieved.  In  other 
words,  a  A tp  near  zero  could  be  expected  under  an  optimized  sit¬ 
uation  (Fig.  10b).  In  this  study,  the  sintering  temperature  of  1000  °C 
seems  to  be  the  optimized  sintering  temperature  because  the 
highest  grain  boundary  conductivity  and  the  smallest  activation 
energy  (Table  5)  were  achieved  at  this  temperature.  For  example, 
the  conductivity  as  high  as  0.073  S  cm-1  was  reached  at  400  °C  for 
the  grain  boundary  conductivity  of  5LiGDC1000,  which  is  one  of  the 
highest  grain  boundary  conductivity  ever  achieved  for  doped  ceria 
electrolyte  [6]. 


3.4.3.  The  grain  interior  conductivity 

Fig.  11  shows  the  grain  interior  conductivity  of  5LiGDC  samples 
sintered  at  different  temperatures  together  with  that  of  the 
GDC1400  samples.  The  grain  interior  conductivity  showed 
maximum  values  for  the  5UGDC1000  sample.  Meanwhile,  there 


Table  5 

Activation  energy  (eV)  of  the  total,  GI  and  GB  conductivity  of  the  5LiGDC  samples 
sintered  at  different  temperature  and  the  GDC  samples  sintered  at  1400  °C. 


Samples 

Total 

GI 

GB 

150-300 °C 

350-700  °C 

150-500 °C 

150-300 °C 

5UGDC900 

0.823 

0.678 

0.661 

0.909 

5UGDC1000 

0.799 

0.557 

0.542 

0.826 

5UGDC1100 

0.886 

0.796 

0.684 

0.883 

5UGDC1250 

0.894 

0.776 

0.689 

0.884 

5UGDC1400 

0.897 

0.755 

0.701 

0.889 

GDC-1400 

0.929 

0.838 

0.705 

0.931 

were  little  differences  for  the  grain  interior  conductivity  of  the 
pellets  sintered  at  the  other  temperatures,  which  were  all  similar  to 
the  grain  interior  conductivity  of  GDC1400. 

The  grain  interior  conductivity  was  believed  mainly  influenced 
by  the  type  of  doping  ions,  the  doping  concentration  and  the  nano 
domain  structure  [26—29].  If  Li+  was  doped  into  the  Ce02  lattice  in 
the  grain  interior  as  shown  in  Equation  (1),  more  oxygen  vacancy 
would  be  created  to  maintain  charge  neutrality.  Consequently,  the 
grain  interior  conductivity  was  expected  to  increase  due  to  the 
increasing  of  the  oxygen  vacancy  concentration.  On  the  other  side, 
it  was  reported  that  the  conductivity  of  LiCe02  could  be  as  high  as 
1.86  x  10-3  S  cm-1  at  420  °C  [20],  which  is  lower  than  the  grain 
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Fig.  11.  The  grain  interior  conductivity  of  5LiGDC  samples  sintered  at  different  tem¬ 
peratures  and  GDC1400  (a)  and  sintering  temperature  dependence  plot  on  grain 
interior  conductivity  for  selected  temperatures  for  5LiGDC  (solid)  and  GDC1400  (open) 
samples  (b). 
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interior  conductivity  of  5UGDC900  (2.46  x  10  3  S  cm”1  at  400  °C). 
Consequently,  the  precipitation  Li-Gd-Ce-0  phases  in  5UGDC900 
may  also  be  conductive  and  contribute  to  the  total  grain  interior 
conductivity.  Finally,  the  oxygen  vacancy  ordering  due  to  the 
doping  of  Li+  may  also  happen  inside  the  grain  interior  of 
5UGDC900,  which  will  further  lower  the  ionic  conductivity  [29]. 
These  synergistic  effects  will  all  take  influence  on  the  final  grain 
interior  conductivity  of  5UGDC900,  which  showed  no  obvious 
improvement  compared  with  that  of  the  GDC1400  sample. 

Increasing  the  sintering  temperature  to  1000  °C,  however,  has 
led  to  an  obvious  increase  of  the  grain  interior  conductivity  and  a 
decrease  of  the  grain  interior  activation  energy  (Table  5)  for 
5UGDC1000.  As  shown  in  Fig.  6g,  no  secondary  precipitation  par¬ 
ticles  were  observed  in  the  grain  interior  of  5UGDC1000  samples. 
Therefore,  the  significant  improvement  of  grain  interior  conduc¬ 
tivity  of  5UGDC1000  compared  with  that  of  the  5UGDC900  sam¬ 
ples  may  be  partially  due  to  the  disappearance  of  these 
precipitation  particles  as  a  result  of  the  vaporization  of  Li20.  It  has 
been  reported  that  the  highest  grain  interior  conductivity  for  Gd- 
doped  ceria  (conventionally  sintered  without  adding  the  sintering 
aid)  was  achieved  using  10  mol%  ratio  of  Gd  doped  ceria  (GDC10) 
[30].  As  GDC10  was  used  as  the  starting  composition  in  this  study, 
there  will  be  no  expected  improvement  in  conductivity  while 
simply  considering  the  change  of  Gd3+  ion  concentration  in  GDC. 
Therefore,  the  higher  grain  interior  conductivity  of  5UGDC1000 
compared  with  the  GDC1400  may  be  closely  related  to  the  Li-Gd- 
Ce-0  phases.  These  Li-Gd— Ce-0  phases  may  become  a  new  type 
of  nano  domains  with  higher  conductivity  in  the  grain  interior  of 
5UGDC1000  during  the  sintering  processes. 

Further  increasing  the  sintering  temperature  to  1100  °C  and 
above  has  led  to  a  decrease  of  the  grain  interior  conductivity  of  the 
sintered  5UGDC  samples  to  a  similar  value  to  that  of  GDC1400. 
Furthermore,  the  activation  energy  of  the  GI/GB/Total  conductivity 
all  becomes  similar  to  that  of  the  GDC1400  sample  (Table  5).  Based 
on  the  SIMS  results,  Li20  have  mostly  vaporized  at  1100  °C,  and  the 
sintering  process  has  started  to  become  a  normal  sintering  process 
without  the  addition  of  the  sintering  aid.  Consequently,  Gd3+  ions 
accumulation  effect  accompanied  by  the  space  charge  effect  [25]  is 
expected  to  be  enhanced  by  increasing  the  sintering  temperature  to 
1100  °C  and  above. 

4.  Conclusions 

Li20  can  be  used  as  an  efficient  sintering  aid  for  GDC,  and  it  has 
found  that  the  best  condition  for  achieving  the  highest  GDC  con¬ 
ductivity  is  using  Li20  concentration  with  5%  mol  ratio  of  Li+  ion  to 
GDC  at  the  sintering  temperature  of  1000  °C.  At  600  °C,  a  total 
conductivity  of  0.059  S  cm”1  has  been  achieved  for  5UGDC1000. 
The  Li20  promoting  effect  on  the  sintering  processes  and  electrical 
properties  such  as  grain  interior  and  grain  boundary  conductivity 
have  been  analyzed.  The  residue  elements  of  the  sintered  samples 


were  analyzed  using  SIMS  and  possible  sintering  mechanism  has 
been  proposed.  Formation  of  Li-Gd-Ce-0  phases  during  the  sin¬ 
tering  process  may  have  changed  the  elemental  distribution  and 
structure  both  near  the  grain  boundary  region  and  inside  the  grain 
interior,  leading  to  the  reconstruction  of  the  grain  boundary  and 
grain  interior  of  the  sintered  5LiGDC  samples. 
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